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ABSTRACT
High intensity focused ultrasound (HIFU) can provide a means of noninvasive
ablation or hyperthermia of tissues such as tumors. Real-time monitoring of
the progression of the field distribution of the HIFU transducer during treat-
ment is important for localizing the intersection of the beam with the tissue.
By continuously visualizing the HIFU field in a tissue, better positioning of
the HIFU beam for therapy can be obtained during treatment. To visualize
the HIFU field in a tissue, a passive listening technique was employed using
beamforming approaches and a linear array system co-aligned with the HIFU
source. The passive array made use of the weakly scattered signal from the
medium to reconstruct the field pattern of the HIFU field in the medium.
The focus of a 6 MHz single-element transducer (f/3) was aligned perpen-
dicular to the field of view from a linear array (L14-5) operated by a SonixRP
system equipped with a SonixDAQ. A homogeneous tissue-mimicking phan-
tom made of agar containing glass beads was placed at the focus between the
6 MHz source and the linear array. The 6 MHz source was excited with a
pulse and the field scattered from the phantom was received by each element
of the linear array. Beamforming techniques were used to focus the received
field of the linear array around the focal region of the 6 MHz source. The
intensity field pattern of the 6 MHz source was reconstructed from the scat-
tered field. Next, a wire target was placed in the field and the intensity field
pattern was reconstructed by moving the wire throughout the focal region.
The intensity pattern from the phantom was compared to the nominal field
characteristics of the 6 MHz source and to the field characterized by a wire.
The beamwidth at the focus of the reconstructed intensity field was esti-
mated to be 1.7 mm. The nominal estimate of the beamwidth was approx-
imately 1.4 mm (-6 dB) and the beamwidth estimated from the wire target
mapping was 1.5 mm. Therefore, the novel passive reconstruction technique
can visualize the field of a focused source in a weakly scattering medium.
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CHAPTER 1
INTRODUCTION
1.1 Motivation of the thesis
Ultrasound is defined as sound at frequencies above 20 kHz. The frequency
range in medical imaging is usually between 2 and 40 MHz. An ultrasound
image is generated by the transmission of sound pulses and reception of
echoes that are reflected from tissue boundaries or scattered from smaller
objects. The pulse-echo principle forms the basis of all ultrasound imaging
techniques such as conventional brightness B-mode, and bloodflow imag-
ing using Doppler techniques. Quantitative ultrasound (QUS) techniques
attempt to estimate meaningful tissue properties (effective scatterer diame-
ter, effective acoustic concentration, number density and attenuation) from
backscattered data to provide a new source of image contrast in addition to
the anatomical information of the B-mode images [1].
Ultrasound is used not only for imaging and characterization of tissue,
but also for therapeutic applications [2]. High intensity focused ultrasound
(HIFU) therapy is a promising modality for noninvasive tissue ablation used
to treat both benign and malignant conditions including uterine fibroids [3],
prostate cancer [4], and liver tumors [5]. HIFU uses localized focused acous-
tic energy to ablate tissue at the focus while leaving the surrounding tissues
unaffected [6]. The ablation mechanism is the temperature elevation by ab-
sorption of ultrasound or mechanical disruption by acoustic cavitation. How-
ever, the widespread adoption of HIFU is hindered by the lack of realtime
monitoring and feedback of the energy deposition.
Figure 1.1 depicts a HIFU transducer forming a cigar-shaped focus deep
within the target typically in the order of 1− 3 mm wide by 8− 15 mm [6]
along the beam axis.
HIFU monitoring is usually performed by MRI or B-mode ultrasound
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Figure 1.1: The schematic of a HIFU treatment
imaging [7]. The gold standard for HIFU monitoring in current clinical
settings is MRI [8], which provides anatomical structure information and
temperature rise estimate. MRI is not real-time and has slow temporal res-
olution (about 5 s). This could lengthen the HIFU treatment and lead to
adverse effects between MRI assessments. Slow temporal information might
lead to misinterpretation of the effect that happens between two assessments.
MRI is less cost-efficient than ultrasound monitoring and requires strict com-
patibility with a magnetic-free operating room.
Monitoring using existing diagnostic ultrasound transducers offers a more
attractive alternative because it is inexpensive, real-time and portable. The
HIFU transducer and the imaging transducer can be placed confocally to
minimize the path distortion effect and remove the registration problem.
Furthermore, quantitative information can be obtained from the RF ultra-
sound data. Ultrasound based monitoring techniques have been developed
such as estimating viscoelastic tissue properties, imaging localized tempera-
ture rise, and monitoring the presence and spatial distribution of cavitation
activity [9].
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1.2 Goal of the thesis
This thesis explores the framework for real-time mapping of the HIFU beam.
Knowledge of the beam location will aid in all stages of the treatment: plan-
ning, guidance, monitoring and post-therapy follow-up. A general framework
was developed for mapping the pressure field of the HIFU transducer where
the linear array passively maps out the field of a HIFU transducer in a bistatic
setup. The acoustic field of a 6 MHz single-element transducer was character-
ized using pulse-echo mapping, hydrophone and linear array. The mapping
was done with a wire target and a tissue-micking homogeneous phantom.
In Chapter 2 we present theory of the nominal beam profile of a focused
spherical transducer, develop the general theory of bi-static mapping, and
discuss the passive beamforming techniques. The nominal beam profile will
be used to compare with experimental results. A traditional delay-and-sum
beamforming was modified to fit the bistatic setup. To make the algorithm
real-time, we applied the Stolt’s fk migration to do beamforming in the spa-
tial frequency domain. Chapter 3 will describe the experimental setup and
the results. Conclusions and future work are discussed in Chapter 4.
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CHAPTER 2
THEORY AND METHODS
This chapter presents the beam intensity profile of a spherical focused trans-
ducer. The beamwidth and the depth of focus describe how the beam inten-
sity of the transducer falls off at the focal point. These metrics will serve as
guidelines for comparing the results of the experiments.
2.1 Nominal beam profile of a spherical focused
transducer
The velocity potential Φ of a spherical transducer (see Figure. 2.1) with a
unity normal velocity at the surface is given by [10]:
Φ =
k
2pij
∫
exp (jkR′)
R′
dS ′ (2.1)
where
R′ = R2 + z2 + r2 − 2ρr cos θ + 2z
√
R2 + ρ2
is the distance from a point on the transducer surface to the field point (r, z),
and k is the wave number.
The intensity patterns I(r, z) = |Φ|2 along the axis Iz and in the focal
plane Ir are of the form:
Iz =
[
2R
z
sin
(
khz
2(R + z)
)]2
(2.2)
Ir =
[
2hR
ra
J1
(
kra
R
)]2
(2.3)
where h = R
[
1−
√
1− ( a
R
)2]
is the depth of the transducer.
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Figure 2.1: A spherical transducer of diameter 2a and radius R has a depth
of h
Figure 2.2 generated using Field II [11] plots the pressure magnitude con-
tours obtained by using a 6 MHz concave transducer with a f number of
2. The -3 dB and -6 dB contour maps possesses an elliptical shape. We
will use the beamwidth and depth of field (minor and major axis length) to
characterize these contour maps.
2.1.1 Lateral beamwidth in the focal plane
The lateral beamwidth is the width of the ellipse in the focal plane. It
can be calculated from Eq. 2.3. As an example, we will calculate the -6
5
Figure 2.2: The beam profile of a spherical focused transducer
dB beamwidth: we normalize equation 2.3 to the intensity at the geometric
focus and solve for 2r.
2
J1(kra/R)
kra/R
= 10(−6/20) (2.4)
which gives:
kra
R
= 2.211
or
r = 2.211
R
ka
= 2.211
Rλ
2pia
= 0.704λ
R
2a
= 0.704λf#
where we express the wave number k in terms of the wavelength λ and
invoke the definition of f-number (the ratio of the focal length to the aperture
diameter). Thus the beamwidth is :
BW = 2r = 1.41λf#
In general, the beamwidth Df for l dB down from the maximum intensity is:
Df (l dB) = klλf#, where the values of kl for different values of l are given
in Table 2.1.
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Table 2.1: Values of kl for different values of l dB
x dB 1 3 6 10 12
kl 0.63 1 1.41 1.8 2
2.1.2 Depth of focus
The depth of focus Lf around the fixed focus R by the points along the z
axis, where the intensity has dropped k dB from the maximum value at that
position, can be derived from Eq. 2.2. We normalize to the intensity at the
geometric focus and solve for 2z. The result is:
Lf (k dB) = 8dkλ(f#)
2 (2.5)
The values of dk for different values of k are given in Table 2.2.
Table 2.2: Values of dk for different values of k dB
x dB 1 3 6 10 12
dk 0.51 0.89 1.21 1.47 1.6
2.2 Registration of the beam onto the B-mode image
The experiment setup is shown in Figure 2.3 where the sonification source
is the single-element transducer positioned perpendicular to the monitoring
linear array. Registration of the beam with respect to the B-mode image
is essential for visualizing the beam onto the B-mode image and correcting
for any hyperecho target that distorts the beam. Registration of the single-
element transducer with respect to the linear array puts different experiments
into the same frame of reference for comparison.
B-mode formation does not require registration since the signal travels
the same distance back and forth between the transducer and the target.
Localization of the source for pulse-echo imaging (B-mode) requires knowing
the travel time and the speed of sound in the medium. Ambiguity caused by
the same travel time for different sources lying on the circle with center at
the receiving element can be resolved by using information from more than
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one element. The depth of a source in pulse-echo imaging is:
d =
τc
2
(2.6)
where τ is the total travel time and c is the speed of sound. The factor of 2
comes from the fact that the signal travels the same distance back and forth.
With the bistatic setup, the distance traveled from the transmitter to the
scatterer and the distance from the scatterer to the receiver are not equal.
Thus to estimate the source location, we need to rely on the geometry and
prior information about the linear array (the pitch) and the single-element
transducer (the focal length). In this section, we derive the closed-form
solution for the location of the single-element transducer.
In Figure 2.3 we have labeled the coordinates of the single element (xA, zA),
the point scatterer (xf , zf ), and the element of the linear array (xi, 0). The
imaging plane is the x-z plane. The coordinates of the array elements are
known from the pitch of the array. For the L14-5/38 transducer used in this
study, the pitch is 0.3048 mm. The linear array lies on the x axis and is
centered at the origin.
Figure 2.3: Experiment setup
The travel time from the single-element to source is
ts =
1
c
√
(xf − xA)2 + (zf − zA)2 (2.7)
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where c is the speed of sound. The travel time from the source to the array
element is
ti =
1
c
√
(xf − xi)2 + z2f (2.8)
The total travel time is tAi = ts + ti and can be estimated from the RF data.
The time difference between two array elements is:
tj − ti = 1
c
[√
(xf − xj)2 + z2f −
√
(xf − xi)2 + z2f
]
(2.9)
Define ∆dji = c(tj − ti):
∆dji +
√
(xf − xi)2 + z2f =
√
(xf − xj)2 + z2f (2.10)
Squaring both sizes of the equation:
∆d2ji + 2∆dji
√
(xf − xi)2 + z2f + (xf − xi)2 + z2f = (xf − xj)2 + z2f (2.11)
∆d2ji + 2∆dji
√
(xf − xi)2 + z2f = 2xf (xi − xj) + x2j − x2i (2.12)√
(xf − xi)2 + z2f = xf
(xi − xj)
∆dji
+
x2j − x2i −∆d2ji
2∆dji
(2.13)
Letting aji =
(xi−xj)
∆dji
and bji =
x2j−x2i−∆d2ji
2∆dji
, then
√
(xf − xi)2 + z2f = ajixf + bji (2.14)
x2f − 2xfxi + x2i + z2f = a2jix2f + 2ajibjixf + b2ji (2.15)(
a2ji − 1
)
x2f + (2ajibji + 2xi)xf + b
2
ji − x2i = z2f (2.16)
Notice that aji and bji are known. We repeat the same process for the
elements j and k (k 6= i):
(
a2jk − 1
)
x2f + (2ajkbjk + 2xk)xf + b
2
jk − x2k = z2f (2.17)
Subtracting Eq. 2.16 from Eq. 2.17, we have:
(
a2jk − a2ji
)
x2f +2 (ajkbjk − ajibji + xk − xi)xf +b2jk−b2ji−x2k+x2i = 0 (2.18)
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Solving Eq. 2.18 for xf , we then use this value of xf to solve for zf in Eq. 2.17.
Now we can solve for ti in Eq. 2.8. To find xA and zA, we can expand Eq. 2.7
as follows:
ds = tsc =
√
(xf − xA)2 + (zf − zA)2 (2.19)
d2s = (xf − xA)2 + (zf − zA)2 = x2f + z2f − 2xfxA − 2zfzA + x2A + z2A (2.20)
We need three equations to solve for xA and zA:
d2s1 = x
2
f1 + z
2
f1 − 2xf1xA − 2zf1zA + x2A + z2A
d2s2 = x
2
f2 + z
2
f2 − 2xf2xA − 2zf2zA + x2A + z2A
d2s3 = x
2
f3 + z
2
f3 − 2xf3xA − 2zf3zA + x2A + z2A
or
d2s2 − d2s1 = x2f2 + z2f2 − x2f1 − z2f1 + 2 (xf1 − xf2)xA + 2 (zf1 − zf2) zA
d2s3 − d2s2 = x2f3 + z2f3 − x2f2 − z2f2 + 2 (xf2 − xf3)xA + 2 (zf2 − zf3) zA
from which xA and zA can be found. The next section will elaborate on the
passive mapping technique for the bistatic setup with the knowledge of the
single-element transducer location.
2.3 Passive beamforming
Passive mapping of the field consists of estimating the total time delay from
the single-element transducer to the scatterer source and from the scatterer
source to the linear array elements. The estimated time delay from the single
element to the scatterer source was estimated in the previous section. The
beamformed image formation process is introduced here.
2.3.1 Delay-and-sum beamforming
The raw RF received data from the linear array consists of 128 channels of
prebeamformed data, corresponding to 128 array elements. For each pixel
(xf , zf ) in the beamformed image, the delay time from other channels was
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calculated as follows:
t(i) =
√
(xf − xi)2 + (zf − zi)2
c
(2.21)
for i = 1, 2, .., 128, where (xi, zi) is the coordinate of the array element i,
(xf , zf ) is the coordinate of the focused point, and c is the speed of sound.
The beamformed pixel value was calculated as follows:
I(xf , zf ) =
128∑
i=1
si [zf/c− t(i)] (2.22)
where si[n] is the channel data at the element i. The beamformed image
consists of 128 A lines. To beamform each line, an aperture size centered at
each array element was chosen. For example, if the center element is 34 and
the aperture size is 20, then we take the RF data at elements 14 through 54.
According to Eq. 2.22, the argument inside si might not be an integer, in
which case linear interpolation is used to compute the value of si.
2.3.2 Delay compensation
The beamformed image of the wire is shown in Figure 3.4 (a) on page 20. The
appearance of an incline in the beamformed field comes from the different
delays experienced by the elements of the array and the orientation of the
transmitting transducer relative to the array. The element closest to the
single-element transducer will receive the scattered signal first. To correct
for this inclination, the source is assumed in the far field of the linear array;
the delay is approximately equal to the pitch of the array. Two consecutive
elements will experience a delay of τ = ∆d/c where c is the speed of sound,
and ∆d is the pitch of the linear array. Correcting for the delays requires an
angular transform, which will reorient the beam parallel to the linear array
face (see Figure 3.4 (b)).
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2.4 Ultrafast beamforming in the k-space domain
Real-time monitoring is the ultimate goal of HIFU monitoring. Increasing the
frame rate of the ultrasound imaging process will lead to future 3D-imaging
systems that can visualize transient events such as shear mechanical wave
propagation or facilite compounding imaging approaches. In this thesis, to
realize the realtime imaging potential of the passive mapping, we applied the
Stolt’s fk migration [12] to improve the beamforming speed.
2.4.1 Derivation of Stolt’s fk migration beamforming
Exploding reflector model
The Stolt’s fk migration is based on the exploding reflector model (ERM),
which assumes that all the reflectors explode simultaneously and emit upward
acoustic waves. This assumption does not apply for pulse-echo imaging or our
bistatic setup where different scatterers will reflect sound at different times.
To successfully apply the Stolt’s migration technique, we will move the real
scatterers to the virtual location with the same scatterer strength amplitude.
Then we apply the Stolt’s migration technique to find the strength of the
virtual location, then migrate the virtual location back to the real location.
The virtual sources need to reflect the two-way propagation time of the actual
sources. And we need to find the spatial transformation to recover the actual
sources. We derive the spatial transformation in the general case of a tilted
plane wave transmission (see Figure 2.4). The total time from the wavefront
of the plane wave to the scatterer at (x, z) and back to the element x1 of the
linear array when the plane wave makes an angle α with the array axis (see
Figure 2.4) is
τs(x) =
1
c
(
sin (θ)xs + cos (θ) zs +
√
(xs − x)2 + z2s
)
Transformations of the virtual source to the real source location and speed
of sound are: 
cˆ = αc
zˆs = βzs
xˆs = xs + γzs
(2.23)
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An virtual souce at (xˆs, zˆs) in a medium whose propagation speed is cˆ gives
the travel time:
τˆs(x) =
1
cˆ
√
(xˆs − x)2 + zˆ2s (2.24)
Substituting Eq. 2.23 into Eq. 2.24 travel time becomes:
τˆs(x) =
1
αc
√
(xs + γzs − x)2 + β2z2s
Equating τs and τˆs and their first and second derivatives at x = xs gives:
α = 1√
1+cos(θ)+sin2(θ)
β = (1+cos(θ))
3/2
1+cos(θ)+sin2(θ)
γ = sin(θ)
2−cos(θ)
Figure 2.4: Plane wave delay calculation
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Stolt’s fk migration
We seek to find the pressure field of the virtual sources. The pressure field
ψ(x, z, t) satisfies the wave equation:
∇2ψ − 1
cˆ2
∂2ψ
∂t2
= 0 (2.25)
where cˆ is the constant ERM velocity. Given the pressure field at the face
of the transducer ψ(x, z = 0, t), we want to find the wavefield at time t = 0
ψ(x, z, t = 0). The goal is to transform the problem to the (kx, kz) domain
where we can use fast Fourier transform (FFT) to do real-time beamforming.
To see how this is accomplished, we express the pressure field as an inverse
Fourier transform of its (kx, f) spectrum:
ψ(x, z, t) =
∫
φ(kx, z, f)e
2pij(kxx−ft)dkxdf (2.26)
Substituting Eq. 2.26 into 2.25, we get:∫ {
∂2φ(z)
∂z2
+ 4pi2
[
f 2
cˆ2
− k2x
]
φ(z)
}
e2pij(kxx−ft)dkxdf = 0 (2.27)
This leads to:
∂2φ(z)
∂z2
+ 4pi2k2zφ(z) = 0 (2.28)
where the wave number kz is defined as:
k2z =
f 2
cˆ2
− k2x (2.29)
The boundary condition of Eq. 2.28 is φ(kx, z = 0, f). The general solution
can be expressed as:
φ(kx, z, f) = A(kx, f)e
2pijkzz +B(kx, f)e
−2pijkzz (2.30)
where A(kx, f) and B(kx, f) are determined from the boundary conditions.
Considering only the upgoing waves and ignoring the downgoing wave al-
lows the solution: A(kx, f) = 0 and B(kx, f) = φ(kx, z = 0, f). The ERM
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wavefield can be expressed as the inverse Fourier transform:
ψ(x, z, t) =
∫
φ(kx, z = 0, f)e
2pij(kxx−kzz−ft)dkxdf (2.31)
The migrated solution is:
ψ(x, z, t = 0) =
∫
φ(kx, z = 0, f)e
2pij(kxx−kzz)dkxdf (2.32)
A change of variable from kx, f to kx, kz yields an equation where both inte-
grations are Fourier transforms. Eq. 2.29 can be solved for f :
f = vˆ
√
k2x + k
2
z (2.33)
or
∂f(kz)
∂kz
=
cˆkz√
k2x + k
2
z
(2.34)
Eq. 2.32 can be transformed into:
ψ(x, z, t = 0) =
∫
cˆkz√
k2x + k
2
z
φ(kx, z = 0, f(kz))e
2pij(kxx−kzz)dkxdkz
The problem has been recast into a form such that we can use fast Fourier
transform (FFT) over all the integrations.
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CHAPTER 3
EXPERIMENTAL SETUP AND RESULTS
In this section, we present the characterization result of the 6 MHz single-
element transducer using different methodologies to gain a better understand-
ing of the beam shape of the transducer in a bistatic setup. We implemented
the characterization using pulse-echo, hydrophone and passive mapping tech-
niques. For the passive mapping technique, we characterize the beam of the
single-element transducer using the wire target and the tissue mimicking
phantom.
3.1 Pulse-echo 6 MHz transducer characterization
The pulse-echo field of the single-element transducer was first characterized.
The result is used to compare to the nominal beam field presented in sec-
tion 2.1. The 6 MHz transducer f/2 was connected to a Panametrics 5800
pulser-receiver (Olympus NDT, Waltham, MA) and controlled by a micro-
precision positioning system (Daedal Inc. Harrison City, PA). The theoretical
beamwidth and depth of field of the transducer are given in Table 3.3. Figure
3.1 shows the transmit-receive intensity pattern (in dB) by using a tungsten
wire with diameter of 50 µm perpendicular to the place of imaging (seen in
Figure 2.3). The measured beamwidth and depth of field are tabulated in
Table 3.1.
Table 3.1: 6 MHz transmit-receive field
Beamwidth 0.346068 mm
Depth of Field 4.184904 mm
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Figure 3.1: 6 MHz single-element transducer transmit-receive field
3.2 6 MHz hydrophone determined characterization
A hydrophone (Precision Acoustics) was used to characterize the transmit
field of the single-element transducer. The setup of the experiment is the
same as in section 3.1 in which the wire is replaced by the hydrophone. The
diameter of the tip of the hydrophone is 75 µm. The plotted intensity field
is shown in Figure 3.2. The measured beamwidth and depth of field are
tabulated in Table 3.2.
Table 3.2: 6 MHz hydrophone determined field
Beamwidth 0.764540 mm
DOF 9.200410 mm
17
Figure 3.2: 6 MHz single-element transducer hydrophone determined field
Table 3.3: 6 MHz theoretical calculation
Single-element transducer
Frequency 6 MHz
Diameter 0.75 inch
Focus 1.5 inch (3.81 cm)
f# 2
Wavelength λ = c/f = 0.25 mm
Beamwidth λ ∗ f# = 0.5 mm
Depth of focus 7 ∗ λ ∗ (f#)2 = 7 mm
3.3 Passive mapping experiment
3.3.1 Characterizing the transmit-receive field of the setup
using a wire
A tungsten wire with a diameter of 38 µm was placed at the focus of a
6-MHz f/3 single-element transducer. Since the beamwidth of the single
element was only 1.4 mm, a special holder was made to align the single-
element beam and the imaging plane of the receiving array. The holder,
which holds the single-element transducer and the array, was connected to
the Daedal system). The wire was moved through the focal region of the
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single-element with an axial dimension of 20 mm and lateral dimension of
1 mm. The scanning grid was centered at the focus of the single-element
transducer. The axial scanning step was 0.5 mm and the lateral scanning
step was 0.1 mm. For each step, the single-element transducer was excited
using the 5800 pulser-receiver. The scattered signal was received by the linear
array (L14-5) operated by the SonixRP system equipped with a SonixDAQ
(Ultrasonix Medical Corp., Richmond, BC, Canada). The excitation onset
of the single-element transducer and the receiving onset of the linear array
were synchronized. The pre-beamformed data acquired by the SonixDAQ
were downloaded to a hard-drive for post-processing.
3.3.2 Tissue phantom field reconstruction
An agar-based phantom filled with glass beads was used to simulate tissue
in this study. After characterizing the system using the wire, the wire po-
sitioned at the focus of the single-element transducer was replaced by the
phantom. The single-element transducer was excited by the 5800 and the
scattered signal was recorded by the linear array. The phantom was trans-
lated laterally with a 0.2 mm step to capture different realizations of the field.
Five consecutive snapshots were used to form a reconstructed compounded
image. The same delay-estimation procedure was carried out. The setup of
the agar phantom experiment is shown in Figure 3.3.
Figure 3.3: Experiment setup
To visualize the relative position of the reconstructed beam, the B-mode
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image of the phantom was taken with the SonixRP built-in software while
the single-element transducer excitation was turned off. The reconstructed
beam of the single-element transducer in the agar phantom was overlaid on
the B-mode image.
Due to the bistatic nature of the setup, two delay estimation procedures
were performed to correctly localize the beam. The first delay, due to
the signal traveling from the single-element transducer to the wire/agar
phantom, was estimated using the pulse-echo signal received by the 5800
pulser/receiver. This delay was subtracted from the receiving image of the
array. A second delay was estimated to correct for the skew of the beam field
due to the geometry of the array.
Delay-and-sum beamforming was used to reconstruct a B-mode image of
the imaging target. For the wire, the passive map was generated by summing
all beamformed images of the wire.
Figure 3.4 shows the passive map generated by moving the wire through
the focus region of the single element. The right figure is the delay-corrected
image of the left figure. Since the delay correction is an approximate process,
we use Figure 3.4 to estimate the -6 dB beamwidth of the single element. A
red ellipse was drawn on the left figure to visualize the -6 dB beam. The
-6 dB beamwidth was estimated to be 1.5 mm. Figure 3.4 (b) is not a rotated
image of Figure 3.4 (a) but rather a sheared image of Figure 3.4 (a).
Figure 3.4: Passive map of the focused field of the wire (a) before and (b)
after correction.
Figure 3.5 shows the beamformed image of the beam reconstructed from
the phantom. Figure 3.5 (a) is the beamformed image of one transmit-receive
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Figure 3.5: (a) Beamformed image of one transmit-receive event. (b)
Beamformed image of the beam in the phantom by compounding five
transmit-receive events. (c) Delay-corrected image of Figure 3.5 (b).
Table 3.4: Comparison between the wire target and agar phantom -6 dB
beamwidth and depth of field.
Wire target Agar phantom
Beamwidth 1.5 mm 1.7 mm
Depth-of-field 19 mm 20.1 mm
event. Figure 3.5 (b) shows the compounded image using five consecutive
snapshots. Figure 3.5 (c) is the corrected image of Figure 3.5 (b). As in
the case of the wire, the beamwidth was estimated using the pre-corrected
beamformed image. The -3 dB beamwidth was difficult to estimate from the
phantom image, thus the -6 dB beamwidth was estimated instead. The -6
dB beamwidth estimate was 1.7 mm.
Figure 3.6 shows the position of the delay-corrected compounded beam of
the single element overlaid on the B-mode image. Table 3.4 compares the
beamwidth and depth of field (DOF) as estimated from the wire target and
phantom target beamformed data.
3.4 Beamforming using Stolt’s fk-migration
Figure 3.7 is the comparison between the delay-and-sum beamforming and
the Stolt’s fk migration to the agar phantom data. The two results are
comparable. The delay-and-sum beamforming result looks smoother because
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Figure 3.6: Passive map of the field of Fig. 3.5 (c) overlaid on the B-mode
image.
averaging was applied to each beamformed line to normalize the intensity over
the whole aperture. More analysis needs to be done to quantify the difference
between the two results.
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Figure 3.7: The delay-and-sum beamforming vs. fk migration of the agar
phantom
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CHAPTER 4
CONCLUSION AND FUTURE WORK
A novel passive mapping technique was demonstrated that allowed the re-
construction of the beam field, and this corresponded well to a simple wire
target. The nominal -6 dB beamwidth of the single-element transducer was
1.4 mm, and the -6 dB beamwidth estimate from the wire target mapping
was 1.5 mm. The passive mapping of scatterers in the agar phantom was
equivalent to the wire mapping, except that the whole field throughout the
beam could be acquired at one excitation. Using the scattering reconstruc-
tion technique, the -6 dB beamwidth was estimated to be 1.7 mm. The -3 dB
could not be estimated due to the discontinuity of the reconstructed field.
Spatial compounding appeared to smooth out the representation of the
field and also helped increase the signal-to-noise ratio and eased the estima-
tion of the -6 dB beamwidth. The -6 dB beamwidth representation was not
continuous but rather appeared as a speckle pattern. Therefore, the more
images used in the compounding, the clearer the pattern of the beam.
The reconstructed field could be superimposed on B-mode images to give
anatomical context of the location of the HIFU beam in a tissue. Further-
more, bright spots in the corresponding B-mode image could be used to
correct for image intensity variations in the field pattern due to structures in
the tissues like bright specular scatterers or tissue interfaces.
The Stolt’s fk migration techniques provided the same beam intensity pat-
tern. More quantitative analysis will be carried out to quantify the capability
of the technique to map out the field. The running time for the Stolt’s fk
migration is 0.4 s, which is ten times faster than the delay-and sum beam-
forming (code is written in Matlab on a iCore 7 computer).
Simulation can be implemented to compare to the experimental results.
Future work will include ex-vivo and in-vivo experiments. The frequency of
the HIFU transducer is usually lower than that of the diagnostic transducer;
mapping of the harmonics will be explored.
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The thesis presents a passive mapping technique for the bistatic setup
where the transmit transducer and receiving array were perpendicular to
each other. The technique can be applied to map out the beam of a HIFU
source in situ and for real-time monitoring and feedback for treatment of
tumors.
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